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FOREWORD
The work described {n this report was authorized under Project
1B522301A081, Chemical Agent Disseminration (U). This work was started
in June 1966 and completed in May 1967 for this reporting period.
Reproduction of this document in whole or in part is prohibited e
except with permission of the CO, Edgewood Arsenal, ATTN: SMURA-RPR,
Edgewood Arsenal, Maryland 21010; however, Defense Documentation Center P2
is authorized to reproduce thim document for United States Government ;1
purposes, » g
The information in this report has not been cleared for release » ;
to the general public, |
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DIGEST
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B The program objectives are to devalop, to design, and to fabricate
: a compiete system for the sssasoment of asroscls dispersed in reac
chambers. The main activities reviewed are asrosol mass decey analysis,

" chamber mixing and material balance studies, slectrostatic effects on
chamber serosols and their evaluation, biceffactiveness of serosols,
sampling and subidaquant data reduction methods required for the deter-

e - mination of aercsol parsmeters through the mass decay procedure. The

S design of an automated sequential filter sampling system is described as
o well as in{tial phasas in the development of a heta absorption-impactor

instrumant,
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Experiments {n the above area were conducted both {n a large (213 m3)
test chamber with exploaive dissemination of agent and simulant materials,
and in small laboratory chambers with pneumatic aervsol injection,
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ALCROSOL DISSEMINATION ASSESSMENT

I. INTRODUGI LON

Baric program cbjectives which have been cutlined in previous reports
(Ref. 1-7) are restated here for immediate reference.

The objectives of this program are to develop, desigun, aud fabricate
a complets chamber aerosol assegement system. The function of this
system is to provide, by the selection and integration of appropriate
instruments and analytical methods, a detailed description of chamber
aevosols from as near as possible to the instant of dissemination to time
peviods up to 1 hoar. By continuous or incremental sampling, the state
o1 the aerosol shuuld be Jdefina*le over time intervals as small as 1 second.

Sin~~ th- sy:. em £0 be uses af .~ ma . tool in the deveiopment
of chemical devicer, it shotid be adapcablc ro the assessment f a broad
range of disseminators and agents and tc mest test chambers now ueed by..
groups within Edgewt .¢ Arsenal and by coatracror organi:at:onl. Furthar-
more, extraneous effi-us attributable to chamber geometry, asrosol mtx-
ing, wall losses, clectrostatic charge, and agglomeration should no:
interfere with proper asseasment of diameminator funetionu.

For a broad capability in gerosol neaelnmant,‘component 1n|trunan-
tation should permit the following massuremants: mass concentration of
active agent, concentration of degraded agent and inert materials,
dascriptive particle-size parameters for active agents, and shepe fa:tor
for solid particles. 1In addition to a broad range of particle siza, from
less than 1u to 100, particle dimensions should be relatable to thosa
describing biological effectivoness of asroasl clouds. C A

In addition to the requiremant that eya:em components uhould define ‘
aerosol cloud properties described above, it is dasirable that ssaser ;
outputs from these instruments should be amenable to direct display and/
or data processing and storage. The extent to which data ara displayed
or processed and stored for later recall will depend upon waich instvuments
or combinations thereof best meet the system objectives, In cevtain
{inatances, automation may be highly impractical on the hasis of the cost
of the process and the accuracy with which measurements can Ye mads with
avallable equipment. Since the aeroscl assessment sysrem is to “e fur-
nished as a tested, prototype assembly at the end of a 3-year peciod,
the contiact framework precludes extensive exploration of new or novel
instrume .tal concepts. Therefore, it hes been recomuended that com-
mercially availatle equipment or well-advanced experimentel devicep be
used a: the basic system components and that rhase components ve modified
and calibrated Iin accordance with specific yystem needs.
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11, REVIAY oF SECOND YEAR oG RAM

The techniques and instrameats w ach are to be included ia the
chamber assessment system were discussed fa “he Sixth Quavtorly Pirogress
Report (Rei. 6). 1o recapitulate, the basic terosel measurcment concept
P ivye LLlitl semiiug mill crlldl BUoVLRLLILIC OV ThImilal assvssmant
of the collected mass, fhemical analysis 18 to be used to discriminate
between active agen: and backyround components, Particle sizing s
Lased upon mass decay curve inversion, cascade impaction, light scat-
tering particle counting as a function of time, and microscuplc analynis
of samplea on membrane filierz end other plane surfaces. The latter is
also employed to distingiish shape factor. Chemical analytical merhods
ate to be implemented by automatic analysis. A variety of other measure-
ments ara to be made to asupport the test analysis including chamber
temperature, pressure, humidity, electrostatic effects, etc.

A number of activities have been pursued during the past vear to
eatablish the validity of the seclected assessment methods and to modify g
the methcis for use in the systenm.

Mass dccay {nversion analysis was pursued intensively since this s
technique has been selected as one of the main teools in fhe asscssment |
procedures (Ref. 5-7), The dazign of an automated sequential filter
2ampler way compieted dand a sampling syat'wm £or sequentlal programmea
collection wis initiated, and i3 digcusrwd i the body of this repore.

The assessment procedure ir based upon stirred sedimentaticn, Therefore
theoretical snd experimental work wae performed to determine the effac-
tiveness of chamber stirring by fans (Ref., 4,5). Analytical studies

‘were.parformed *5 permit acaling to large test chambers of thec rosults

of mixing experiments parformed in the small laboratory chamber (Ref. 7).

Analytical and experimental work was initiated also on the effects
of electrical charging of aerosol particles and their behavior in test

‘chambers.with electrically conductive and grounded walls (Ref., 7)., This

study was aimed specifically at assessilng the influence of particle
Qharge on the validity of the mass decay analysis for the evaluation of

- axplosively generated aerosols. The initial phases of this wrrk vaere

directed to establiah an analytical model for th: combined de =@ om ef-
fevts produced by space charge induced flelds and gravito:ionk. settling.
Experimental activities were concentrated on space charg weusurements
by means of a field mill and its correlution with the mass decay of both
intentionally charged and uncharged aerosols in a small -2gt chamber.

A review of the present state of knowledge with respect to the
deposition properties of aervsols in the respiratory tiract was parformed
and an extensive bibliograrhy on the subject was assembled., This liter- -
ature analysis pointed out various models which have been suggested for
particulate deposition profiles within the human body and the inherent
complexity of the biological structure. The pertinence of aerodynamic
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cicovowas discussed in terms of the various depesition mecharisme ond e

Giveor significaner ol sedimentation and impaction methods was estub-
Yiciod (Ref. 7).

Jhe dota produced by the assesament system must be usabie 2v Dnput
(o g materlal balance. A series ot tesrs was periormcd in the lavge

N amnt koam e el cmbes ] 14

oot chamber L whiah @ varlely ol technliques were evoluaated 1
soveral attempes to ohtain a material balance. A workable metliod was
determined.

Rarid, reliable chemical analyticai methods are the cornerstone of
the assessment procedures. Several aregs reldted to analysis have beun
examined, Preliminary work to apply flame pnotcometry as an analytical
procedure four the determination of total phosphorus is reported hercin.
A new method to replace the oxidation step in the current phoasphorous
procedure was evaluated., The entire filter and deposition material
including carbonareous matsrial is digested in a perchloric acid mixvure
to assure that all the phosphurus is acsayed. This method is also dis-
cussed later. Finally, the Technuicon AutoAnalyzer system was integrated
irt> the chemical evaluation chain and procediires were develodped for the
detection of various Jisgemination materials (Ref. 5).

_ Laboratory testing of candidate devices led to work in two areas
related to . aerosol generation, Prellilnury experimental work was per-
formed ueing saccharin and subsequenlly DOP nerczols. Beveral generating
procedures and appcratus were evaluated to produce aerosols in the size

.reglon of interest (i few microns). The condeansation generator was re.

Jected because of an insufficient rate of generation. . A cascade impacLor-
spray nozzle combination was tested and found to produce reliable aerogols !
but its use.was discontinued bacause an excessive fractlen of parcicles

was smaller than 1 micron, Finally DOP .erosolization was sccomplished
usirg pressurized dissemination vith Freon-i2. These teats indirate that

particle size propercies may be controlléd by varying the relative amounts
of DOP and Freon-12 (Ref. 5).

The problemm of unwanted counts registered by the Royze Light Scat-
ter’ng Particle Analyzer with latex calibration spheres was studied.
The evidence peints to a large spurious population of particles smaller
chan 0.1 micron which apparently {s capedle of triggaring the circuitry
of the instrument, Selective f{ltration appears to promise a solution
to this problem (Ref. 5). .

Finally, a new application of beta absorption techniques for mass
analyels is being inveslLigated and ptomis=s tn provide useful backup
information for the masy measurements made by filtration techniques.
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PIT. DESCRIPILON OF ACTIVITIIES

A. AUTOMATED SEQUENTIAL rI1LTER SAMPLING

The design was completed and assembly wes initiated of an
GULUNLIL T e Lhliu. maumpiddyg s¥aide 1ST asogucatial programmsd solleoction
Marsal samnling procedures, usltbough sdequate for experimentai purposcs,
are not to be preferred fur routine and repetitive measurements. Dif-
ficulties are especially apparent diring the initial stages of sampling:
c.g8., shortly artcr explosive zeroeol generaticrn, when a muximum of in-

formation hes to be gathered in a minimue of time.
lhe sampling system has bee¢n designed to cperate as follows:

(v TIreloaded fiiter holders in a special container will be
introduced through ar appropriate opering into a seasled "glove box" at-
tached to the side of rhe assessment chamber. This glove box will con-
tain a multiple filter sampling head, mounted on a base plate riding cn
slide tracws The loacded filter holders will be insrrted .nto the
sampiingz head. A door between the glove hox aad the chamber will be
clesed curing the dissemination event tou protect the sampler from sheck
waves, shrapnel, and other disturbances assovciaited with disgemination.

‘ (2) . Prior to dissemination, & manuaily operated switth will
start the sampling pump and apply voltage to electronic zircuitry as-
sucinteu wich the sampling operaticn {(fan tachomerers, flowmeter clrcuitry,
etc.).

(3) ‘About 0.5 minutes after time zero, an opevator will open the
door separating the glove box from the chamber and slide ouc the sampling
tray with the multiple filter head. This action will trigger the atarting
of a gszguence timer which coatrols the operation of the msolencid valves.
Each filter will operate in sequeuce and sampling will gtop autumatically
at the completion of the rivn (about 30 minutes later). :

(4) The dissemination event will initiate the operation of a print
out timer-flow counter to correlate individual filter sampling with time
after serusci dissrmingtion,

(5) The sampling tray will then t retracted manually into the
glove hox, the filter holders removed from the sealed envircnment and
placed into a special container and removed from the boctom of the
glove box,

The esampling sequence will be programmed by meaius of plug-ins inserted
into the front pamcl, This feature allows the choice of any number of
different sampling scquences such that the 12 filter samples with indi-
vidual duration of 1/2 winute can be distributed in any way over a totsl
sampling poriod of up to 50 minutes. In addition the individual sampling
period can be extended to 1 minute and the total to 100 minutes,

10




A rotating cover with automatlc indexing will be in front of
the filter hewds to protecct the non-vperating filters from direct exposure
Lo the aevosul cloud. During the intermediate dead time {when no filter
{8 sampling) this protective disc will be covering all filters., The

indavins '\f\/‘\“\l“ﬂﬂ Favm rshdm amtinw (A meane cmenad k- the ravelcglav ~amaldas
oUCHIT & WL he et 20D chalr TUVED Al prlgemnmen e o T peceallllll oWl -

sequenrce chosen,

Previous experiments have established quantitativaly the f{ol-
lowing sampling paremeters:

(1) Total sampling period, after time zero, of approximately
30 minutes.

(2) Sampling iatervals of 0.5 minutes.

(3) Minimum desirable nuwber of sampling intervals, ap-
proximately 12.

() 1Initiation of first sempling interval, about 1 minute
after time zero tc allow for adequate chamber mixing.

(% Initial sampling repetition ra* e, one every minute,
dacrealing with time, '

(6) Sample flcw rute, approximarely 1 to 2 cefm for a '1-1/2 anh
diamater f{ilter.

S8everal alternative valving mechenisms for the-autamsted u‘-:

. queniial sampling system have besn explored, The Gelman sequentisl

sampling head (type No, 1) conaists of a circular array of 12 needl:
values actusted by & "geneva" mechanism. Thiz device was rejectad, among
other ressons, because it presented an excessive resistance to fluw,
making it impossible to obtain the cesired flow rate. A flow rate of
only 0.74 cfm required a pressure Irop of 23 inches of lig acroas the
sequential valve. No otuer adequate gequential valve macharism secmed

-to be available, and thus s #ystem of timer actuated solanoid vnlves was

chosen., Flow measurements were parformed on seversl solenoid valves to
establish thelr f'ow-pressure drop characcerisgcics, und & valve with a
5/16-1inch orifice with a preagure drop of 3.6 inches of g at 2 cfm was
chosen.,

It w+s decided to measure the total air volume sample+ through
each filter on .n automated L sis by ..2ans of a turbine flowmeter and
to provide electromech .uilcal counter-recorder display of the tocal flow.
Sample concentration w:'i be norm.''2ed on the basis of the in: "arated
flow through each filter. Auromate. :zongtant f1lou rate by feedbuck con-
trol appears unnecessary and would add unwarranted complexity to the
Aystem.

11
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Although only one system of this type 1is being contemplated
at this point, any number of them could be included for simulitarcous
sampling at varlous sites within the chamber. The entirc sampling
system described above {8 designed for maximum reliability, sturdiness
and simplicity of oreration, making maximm use cf commercially avail-
able devices, whercvar poscibla,

o, MATIRIAL DALANCE IEXTIRIMENTS

A series of tests was performed in the large aecrosol test cham-
ber in which an attempt was made to recover or account for all of the
bomb f£41) material by sampling the chambe:r floor, walls and fans as well
as the acrosol,

The f11l materisl used for most of these tests was a 1 percent
water solutior of fluorascent uranine dye, At first the floor was
sampled by covering it with traye which were rveparately washed for re-
covery of the dye. After the aeroscl was sampled, the sum of the floor
and aercsol recoveries was less thau 100 percent and was variable from
test to test., Table 1 summarizes the results of these tests.

L ]

Another procedure war tried which avoided the tedious work of
wauhing about 300 trays.

PR

(1) A bomb was Zired and the aercsol sampled.

{2)  The chamber floor wus flooded with several hundred gallons
of water. After thorough mixing to dissolve tha settled dye tho solution
was rampled.

(3) A spray was uicd to wash tha fans with an sdditional meas-
ured amount of water which was mixed into the water already on the floor.
Another sample was takun.

(4) The overhead rotary nozzle was turned on to wash the
~celling end walls of the chamber into the previous washings and a third
sanple wag taken.

(5 A carefully measured amount of the bomb fill solution wus
added to the veshings which were mixed and sampled asnin to provide an
internal standard for the rest of the anslyses.

(6) The asrosol was again sampled.

12
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Up to this point the chamber was not vented, and all the dye
in the bomb plus the known added smount was asgumed to be in the water
eccumulated on the floor except for a very small amount still suspended
in the afr,

Table 2 glves the results of three tests using this sequential
washing tschnique. It appesared that for the high mass ratio 31 type bomb
substantially all the dye was recovered. With the low mass vatio No. 23
sphere, less than 40 percent of the fill was accounted for. It was con-
cluded that the dye was decomposed or damaged by the dissemination in
this bomb.

A 20 parcent solution of phosphoric acid in water was dis-
seminated in tests 457 and 459, Semples were analyzed on the Technicon
for total phosphorus., Again the total recovery was low., In this ckse
wa suspectad that the acid reacted with the steel floor of the chamber
to form insoluble compounds which adhered to the floor.

Prior to these tasts and on another program a few tests were
run with Bis and VX filled bombs wherein after the aerosol was sampled
and vented from the chamber only the floor was washed with about 10 gal-
lons of lsopropancl. The washing sclution was sampled and analyted in

" the sems mammer g8 the filters. Total recoveries ware significantly

lowar than 100 percent, suggesting a significant wall loss. Tha later
tests with uranine scluticn have {ndicated that a significant and vari-
edle fraction of the £111 material ends up on the walls and fans,

~ The sequantisl washing of the floor, fans, and walls followed
by sampling of the air is necessary for a good matarial balance. This
procedure is workable but presents the following problema.

(1) A dense and lethal serosol is encountered in carrying out
this procedure manually. To avoid this, separate, remotely coatrolled
weshing fscilities must be provided for floor and fans.

(2) Largs amounts of solvent are needed. A minimum of 100
gallons par test is estimated for the large chambar. It is desirable
that this solvent be cheap and not form an explosive mixture with the
chamber air, and must be compatible with the chemical analysis. The
conventional analytical solvent, isopropanol, is unsatisfactory bscause
of expense and for reasons of safety.

Water and aquecus solutions of hexylene glycol and bleach
are being considered as inexpensive and safe substitutes for the alcohol.
Expariments were conducted to evaluate the golubility of VX in solutions
of variocus strengths and the ability of the analytical methods to recover

VX in each of the solutions. The analytical methods of particular interest

14
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wore the Schoeremann melhod for active agent and the [erric perchlorate
hydrogen peroxide method for total phosphorous. Kesults arc shown {u
Figure 1. VX {8 stable in a solution of 50 perecont glycol even (i stared
over o wecxend, and water alone ts an adequate solvent Lli analyses can be
pertc med immediately,

VX was dissolved in e hypochlorite decontaminating solution
and was analyzed by the total phosphiorous method. One hundred percent
of the VX was vecovared, indicating that the "decen" could ko uscd if
only phosphorus balance was required.

C¢ -~ PERCHLORIC ACID OXIDATION OF FILTERS FOR TOTAL PHOSPHORUS

One posliblé explanation for the difficuley in achieving a

materisl balance in chamber teate is poor extraction efficiencies because

of tenscious retention of agent and agent decomposition products on the
cerbonaceous decay products collected on filters during sampling. Since
in the normal analytical procedure only the extract is analyzed, the
retained material would not be accounted for. A new method of oxidation
was suggested by Mr, A, Koblin of Edgewood Arsenal in which the entire
filter is dlgested in a perchloric acid mixture. The carbon is oxidized,
and thus releasses the suspected absorbed materials. The laboratory

_procedure for the method was estsblished for Bis and then at the suggestion

of Mr, Keblin for tricctylphoaphate (TOPF). First determinations werse
mide on solutions of Bis and Teter with TOP with excellent results in

"both cases as shown in Figure 2. The materlals wers then applied to clean

filters and carbon coatcd filtars and the ability to recover the material

_.was evalustad. Again, Tesults wers excellent with avarage Bis recoveries

of 98 porcant in 12 sumples with an vms deviation of 1 percent and an

- average TOP racovery of 97 percent from 7 semples with an rma deviation

of 1 percent,

Pollowing the success of this method for Bi» and for trioctyl-
phosphate (TOP) its application was sttempted on VX, The following kinds

- of samples were taken!

(1) VX, weighad into a test tube,
(2) VX, weighed onto e filter paper, and
{3) VX, weighed onto a carbon costed filter paper.

In all cases, the sample was covered with the digestion mixture
and oxtdized, 8ix aliquots of each were taken, tanging in size from 251
to 1.00 ml and the color reaction completed., The rasults were calculated
from the best values of the absorbance, that is, when the value was be-
twveen 0,050 and 0.900. Some of the results are shown in Table 3. There
is much to wide a range of recoveries for the method to be useful to us,
unless the performance can be improved.
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TABLE 3

RECOVERY 0OF VX

Somple VX Taken VX Poul?d Recovery
me - %
test tube 11.3 13.3 118
teat Lube 23.9 36.9 154
test tube , 49.8 87,5 176
test tube 9.3 4.7 51
test tube 48.1 29.1 60
tes: tube 8.4 3.5 42
test ocuhe 21.3 15.9 75
test cube 67.5 30.4 &4
filter paper 13.5 16.8 124
filter paper 23,5 44.3 17§v
filter paper 45;8 71.8 156
carboﬁ coated filter paper 10.5 9.7 84
carben coated filter paper .5 26.2 99
carbon.coaLed filter paper :0.8 123

62,7
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Since the method works so well for Bis and for TOP the dif-
ficulty bas to be {n the oxidation step. Communication with rAdgewood
Arscnal revcaled similar difficultics in applyving the perchloric acud
oxidution to VX. A literature search of the procedure was made which
{ncluded 3 search of the history of the phosphumoiybdate colcr reaction
and the materials which interfer. Several possible interferences were
uncovered, however, it was concluded thac the prnblem is not one wiich
can be svlved simpiv. The acalylicel chemistliy aspecis of tils progias
permit application of methods but do notv allow for the development of
new anelytical methods. It [s suggested that the none-reproducibil ity
of the perchioric scid oxidaticn of VX be investigated in the EZdgawood

“Arsenal laboratories. It is & desirable technique for avsessment which

_method showed en {mprovemen: over the praviously rzported experiment.

“which would provide the desired sensitivity for the measurement of mass

mil rhick) w.e used to minimire the absorption due to the !Ubﬁffltg4lnd

we would be pleased to apply Lf it {s worked out ir rime. L
D, AEROSOL MASS EVALUATION BY RETA ABSORFTION

Experiments were reported in the First .innual Report (Re:i. 4)
on the avplication of beta absorption meacurements for the evaluation of
aerosol masy colleciion on filter aubstrates. These tests appeared tu
be discouraging in terms of :he sensitivity required for typical sampling
volumes.

The :e&hnique was lublequontly resvaluated in the direcrion of

,ua‘n; a low absorption collection substrate and high colleccion concon=’
treflon on a small area,

Ini:idl experimnntnl data were taken to determine the feaoibtlity

of uniré ’ctl radiacir1 absorption through an aercsol deposic collc:tud‘

by impastion -.n a ve y thin wmylar substrate. The thin mylar base (1l/4

improve the senaitivity of this method., Using a 1 inch diameter C™" becta
source and collecting treatad saccharin aeroscl on mylar discs mounted
on the impacticn plates of a GCA rascade impactor, it was found that this

The imsrovement i{a sersitivity still provided only marginal feasibility,
but the results pointed towards modiflcations in sourca-detector geomeiry

of deposited aercsol. The essential modificetion appeared to be a signii-
icant decrease of the area of the source in order to decrease the Zmount
of particulate deposition to a practical level. A 2 microcurie cl% gource
with an active dismater of lsss than 1/4 inch was acquired.

It was found necessary to include some collimation of thae
raidiation into the Geiger detector tube to prevent errors due to electron
scattering. The collimator consisted of a short cylinder (0.8 cm long)
with an inner diameter of about 0.55 cm.




The calibration curve obtained with the above arrangement,
vsin, mylar films, is nhown on the accompanying graph (Figure 3). The
equetion of this curve is8 TR = 100 exp (-0.2158), where Tr is the rel-
ative tranrmisaion iu percent, and 5 is the area dengity 3t the absorber
in mg/cm- Unattenuated counting rat=s were about 43,000 counts per :
minute which for a 1l minute period corrcsponds to a total errnr of j
2 543,000 = 414 whilch corresponds to 2 relative tranamizsian of shout {
99 percant, thus 8 2 percent reduction of transmission appesrs to be
an aprroximate practicul limit of detection., Transmisaion of %8 percent
correspends to an area density of about 0.1 m.g/cm2 which {p furn cor- ' -
responds to 20 micrograms of materials deposited on a 0.2 cm* arca (active
source area), This sensitivity would be somewhat degraded by the presence
of the mylar substrate or collection surface. For a 6.3 micron (1/4 mil) ;
mylar £i{lm it is estimated that the limit of detectability would be be-
tween 30 and 40 micrograms on a 0.5 cm diameter area. This result scem
quite encouragiug. The next step should be Lo coilect serosol on mylar
film and corroborate the wbove conclusions. )

. The seunsitivity obtained with the above geomnet~y cortrespords
i Lo o rindman of adbour 1.0 to 1.5 micrograms/liter (flov ratre 30 1/m for
‘ L minute sampling time) compored to the figure of 167 micrograms per R _
titev Jited earlier (Ref, &), Since tho cetimoted minimum desirable ‘ o é
ﬁtnﬁltiViCy was about 5 microgremsa/lit.r, this tEChnLqUQ gesms to offa{ .

great promise and will ‘be pursued. o

e —

. PLECYRCSTATIOS

1. Espertmental

The experiments initiated during the seventh quartex on
space charge devay measutements in the small rest chamber were continued
witlh the main arphasis on cerrelating these determinations with surosal
mass. decey measurementa,. The prime objective of these tests was to ; . 5
cstablish the influence of clectric particle charges on the depletion e i
rate of a conflned acroscl cloud and thus to dotermine the validity of
the mass decay method for the assessment of serogols. Expetience at
Ldgawood Avsenal and GCA Courporation suggests thet anomalous behavior’
is not erncountered when working with exploaively aisseminated 1iquids
but iz uch more likely for the case of pneumatically disseminated pre-
s{zed svlids.  Conmegquently, tha latter was selected for study.

T OITOLT L ST IR @ I N L K e R )~ 4d e P e - 4m * s S o

The first sct of experimentr consisted of the pulsed in-
. Jection of 0.2% gram samples of saccharin Into a small c¢ylindrical test
chamber (50 em diameter x A0.8 cm height, of galvanized ateel). 1the
aerosol was dnjacted through a sorona charging section (Figure 4),
Conzurreut measurement of mpace charge with the field mill, and filter
samples {or mass decay, were taken over a period of up to 10 minutes
after the aercsol injectivn tire.
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The results are shown in Figures 5 and 6. The net space
charge measurement was made with a fleld mill located on the axis and
at the top of rthe chamber. For this geometry, the net space charge
density (;O) is given by

2E e_

o m T (mke)

N

Where E_ ix the field strength measured by the field mill, f iz the
length §¢ tbe chamber and €¢_ is the permittivity of free space. The
. mass-concentrations wers defermined by filter samples- (2.5 liter volume)
‘eollected at 1 minute intervals. In figures 5 and 6, the circled numbers
are the run numdors and the numbers beside the circles are the voltages
¢ applied to the high voltage elevtrode of the charging section. The sign
- of po'in':ha samé as the aign of the high voltage alectzode. )

It can be seen in both Figures 5 and 6§ that the data are
splic into two groups. Since there scemed to be nc olviuus explanation
for this effect, the expariment was rerun to determine L¢ the effect was
real or coincidental. The results of this experiment cre she:m in Figure
7. In this case no significant correlation between mass decay character-

o eaties and charging was . chserved.. §ince the above set of resiits were
.. incons{stant and incnnuluaiVl 0 naw- improved experiment was pertormnd,
" -Tha ‘new wxperinint cors{sted ‘of the dirsct tnuiurdunpt et the sctosal
lowt to ‘the chambar floor wad walls and ths compariscn of tht tesultl
. for cases whera chtra is deliderate charslnq of the aerssol with cases .
‘where thete {F no deliberute chavging. - If geavity in the maim concris

Con tHe TIBOF. - If slactréatatics ere import:nt in rhc ‘loss process, this
: ”gthauld be ra£IGCCQd in high ths losses . :

“In order ta maesurc tho floor and wall donoaitioa of sece
chatin, 1/32 inch thick sluminum plates wara placed on the floor end at-
‘tached to the wall of the chamber.  The cpcratln; atomatry of the plites
in the chlmbtr is dnptcuqd in Figuze 8, '

- ‘1t was uuggoated that the chnr;ing section uaed (Figure &)
might be :nbi;uoua 23 to vhera the coronn discharge takes place, 1In
order to avoid this. diificul:y a car.entric charger as shown {u Figure 9
waa constructed: In addition it was found prc!ernble to nonitor the
charging current instead of the voltage.
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The procedure for these deposition tests was as iollows.
Abour 0,25 grams of saccharin were injected into the chamber through the
rancentric charging section, For five runs the charger was not orcorated,
while for five other runs the center electrode was positively hiased
such that a corona current of 10 microcamps was measured flowing to ground.
After injection, the charging section was turnod cff (for the five runa
where applicable) and the saccharin was allowed to settle for 10 minutcs
with the mixing fan running. At this point, the deposition platecs were
removed and the masg on the wall platas and the mass on the floor plates
were measurad, The results of thesg experimeats are shown in Taeble 4.

- Neglecting thc eighth run, which shows & somewhat anom-
aloul beha:ior. the following conclusiéns are indicated, Wall accumu~
lations are roughly twice as great when the particles are artifically
(rerona) charged, indicating pronounced electrostatic depoaition. Floor
msss densities are only slightly affected by artificial charging.

The effect of particle charge on a volume sampling assess-
ment syatem is glven by total mass loss rather than mass density depo-
sition, Thus, averaging the first fiva and the last four (emitting the
eighth run) runs and multiplying by the eppropriste floor, ceiling.and -
wall sress, one obtaire the results shown in Table 3. The objsctive of
the axperiment wvas to look at the wall and flcor depositions and to try
‘to oheerve & difference batween the delibderately charged and the naturally
‘chargad cases. Unfortunately the oloud concentration, the amouat of
‘matertel on-the fans, and the amount of residue in the disseminator amd
‘charging section were not evaluated. This was ragratable since the a-
mounts shown in Table S do not add up to the 250 mg original sample weight:
Tests should be conducted in which all the pnrticlol are completely
accounted for,

NonetHeless, a very significant difference in deposition
pattern was observed for tla case of deliberate charging. It is clear
that for the casa of rpeumatically disscminated presized powders the
slectrostatic forces are pla ing a definite role in removing particles
from the test volumc. Further, these results are averaged over the time
necessary tc ramove most of the particles from the volume, At early timas,
the effects of electrostatic forces would be aven more pronouncad,

No slectrostatic messucements have yat b!en made in the
large test chambar., Since che dimensionless ratior L/e mg 1is, for
conscant charge density, five rimes a~ large for the lurgc Pank as for
the small one, the indicationa are that electrostatic forces will play
some role and may even dominate tho assessmant in the large tank. The
significanca of this parameter is expl-ined below in the analytic treatment.
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TABLE 5

MASS DEPOSITED ON FLOOR AND WALLS FOR TWO CHARGING CONDITIONS.

Total Mass Deposited Total Mass Deposited

on Wall on Floor
Intentioqally (corona) . o
Chargad Particlas 37 mg 63 mg
"Na.urally" (no corona) 2 mng 63 mg

Charged Particies

Tha above considerations do include & number of tenuous

'“lalUﬂ#Eton;. Thus, it would bs necessary to perform electrostatic
_-meagutements in tha lsrge chsmber to test these considerations directly.
. A conclugion drawn from these tests is that for the case of pneumatically

disseninatad dry powders a serious error could be introduced {f only
gravitational eettling is assumed for mass concentration decay without

a correction procsdure for loss dua to electroatatic effects on the wall,
ceiling; and floor of tho chember,
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Future work in this area 13 ewxpecled to clarify thie
probizm, and tests alcng thase lines are being plann~d for the large
(213 m”) chamber,

2. Analyticel

A theoretical treatTent of the se:tlin; of particles by
combined gravitatlonai-electrostatic has bcen made

a. Monooolar Charging
The problen being considered hare ia the following.

For the case wheie an nerozni cloud of particulate
matter 18 introduced into a container having an electrically conducting
inner surfoce, it is derired to cbtain th» lavs by whnich partisles are
removed from the volume and depogited on the yurfuce., It will be assumed
that the interior of the container i{s divided into two regions:

(1) A thin boundary layer in whizli the gaes in the
cnntainer. is allumud to be untionlcll.

» . (2) A re;ion ouc.ide the boundary layer in which
th« gns is stirred in such & way ag to craute a homogensous diucribu:ion
of particulace mauter.

‘ I: tay bu rom;rkld at this point that thil division

may, as far as practice s concernnd bs 0pun to some question. Beside

questions councérning the realizebility of homogenelty in the interior
" reglon, there is also & problem concerning tho relative thickness of
the boundary layer and a4 "persistanre length' of a particle once sex into
motion. In order that this division be valid, the boundary layer must
be many times the distence over which particles are drought to a constant
velocity. For present purposes, these questions will not ba examined
further, and this di{vision will be madc.

Cons idar fitnc tho arrangement shown in Pigure 10,
& cylindrical container and particles of a mringle sisze and chargs. The
more complicated casen of particles charged both positively and negatively
and of varying magnitude of charge and 'dianster will be deferrad to a

later raeport. The Iolleing notation supplements the nocation giveh in
Figure 10:

- Cylinder radius

- Cylinder height

1 Cylinder :ud area

2 - Cylinder side .rea
- Total inotantaneous number of undeposited, charged
particles in container

n - inetantaneous numbar density of undepcsited chirged

particles ir cuntaine:

> % o
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’
}
!
! n, - initial number donsity of charged particles
; q - charge per purticle (assumed ccnstant)
! a - particle diameter
§ m - particle mass
F 8 - gravitational acceleration
R n - coefficilent of viscosity
g v - drift veloclicy due to gravity
o v% - drift velocity due to electric field
- o L - average value of electric field at the container wall
: o ) fu’ . permittivity of free space (10'9/36n)~
o
E% i
;- olB287 " 108
A,

H "‘ .

[
SNN * |

..l,! )

Figure 10. Definition of symbols.
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" conditisns

Since che particles are considered to bz charged, in
addirion to a downward gravitational drift over the lower aree A,, the
particles are actec on by an electri:z field, the source of «bich'is the
ret chavge on the particies themselves.

The balance equation for deposition will be

o
-4

dn
- AlL ac " Aln VS - (ZA1 + Az) nv, (1)

[+ %
2]

The drift velocities ars obtained by assuming that
Stcke's law nolds in the boundary layer,

6nnav, = e
nav, =mng {
67 n a v, = qE (3)

E, the value of the elactric field at the surface of
the container will for a cylinder, vary cver the surface. For our pur-
poses, howsver, a representative value'of E mty b“obccinoﬁ b* an era-

.;mcnxa#y npplica:ion of Gauss' law.

qnn\“L-cznn~z<Rmue (‘o)

- Puttiag lquationo (1) (3} lnd.(ék iutn !qulniun (1).' ‘
and rcplncina Al’ Aﬂ by\chcir equivalen:l in R, L, ona. obtainl { :

‘- - ﬁ -—-J-— 2 1“. vvv‘ o
T T S LEAN an o f5}%&

‘Thg qplq;;énquwsqﬁatiop (%) igbjoctlio”thclﬁnfgill

"‘“"“’;‘xe
toe(
is -
n X
he - SR : (6}
My gL / n, ¢°L
Ny S R S
KmSFO *l>e‘pk6ﬂnal-'> C, mg
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For q » G one obtains

/
no=n exp K- g;ﬂg—:z ;> (N

the usual gravitational settling law.

. For
: T '}Tg_e';.»l’ﬁﬂ'z! t 8
'»oﬁe'§bthinn-
n

- 1 - (9)

ny q

1+ énn a e

<

,i";_— R st FEETIR SToeayy, . "

:M ramnos: tmnig,\ luacutﬂl with lqmlu law £o2 ombimcion. “The
“relative influsnce of electric field and sravi:y &% early times fo Ehds
“obtataed from the dimensioniess n:to my Lfmcs a8 can be ucn Alractly
t& “Lupnctén of Bquttim ) ‘ ,

e Iguuton (6) appties only ‘to chon paruclu which W ' B
; con:rnmre I:o iy nor. charge in the tank. Unchatged particles are rmoved . :
T auly 'Sy gravitational settling and hened ‘alvays 1ettle according to a
‘ iéw af thu type given by Equa:ion (7). 1f the inivial particie density
for neutral- pctt&clu is 2. thnn the total number densities at time ¢
bk wu*z bt‘xtvm by

- - . n , '
A . Sy .‘,_1‘ . . .—L .
A e R LD
IR 61 n alL €, ™

b, Numerlica. Example

Having derived equations for the settling rate of
particles under combined gravitational-electrostatic forces, these
equations will now be applled to the settling occuring in two of the
experimental systems used at GCA, a small ¢ylindrical metal tank and a
much larger cylindrical tank, also with an electrically conducting




interior. The examples treated are for an aerosol consisting of sac-
‘ charin particles, assumed to have a single size and mass. The pertinent
! numbers are:

Small tank - diameter 50 cms; height 60 cma
lLarge tank - diameter 6.1 metery; height 7.3 meters
Parcicle 2iometer - 5 microne

Particle donsity - 1 ;/cm3

Total masge injectad into small .tenk 0.25g
Tutal mass injected into large tank 200g
Acceleration of gravity ’;'103 cgs ~ 10 mks
Single (spherical) purticie mass : 6.2 x 10
Coefficient of viscosity of alr : 1.8 x 10.“ cgs

T, T & Wy T e vy -

~11 .

(1) Exponential Time Constants

e —r——

o = 27 minutes (small tenk)

i AR G

] = 6 hours = (large tank)

} _ - » : (2) Dimensionless Ratio nlqzl/(

This ratio involves alectrostattic qulnttttcl
! - und mke units will be used whcn COHVPﬁi‘nt.

F Total particle density IQ£5§TE§55£SA31 - E;;;7;E¥§2%T55§l33155:-

3.42 x lolofn3 for the small tank

p—
»

= 1,5 x lololm? for the large tank

; ' 1f it is assumed tnat ny/n;+n, = 1/5, thea
| n, = 6.84 x 10°/m° for the small tank
n, = 3.0 x 10%/a° for the large tank
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t The average charge per particle, q, may be
- found approximately by a crude application of Gauss' law. Thus, {f it
i is agsumed that the field is constant over the whole interior surface of
the tank, Gauss' law gives

¢ (nx+l) E L
qQ* q-=* n RL

__Typical values for,E, found by use of a field mill in the emall tank, are
_of the order of 10" volts/meter, when injected particles are charged by
“corona and of the order of 1/10 this value wnen naturally charged. Using
‘the highet (corons charged) value, one obtains g = 1,45 x 10°1% coulambd
- ,1¢§~tha small tank and the large tank (since the charge depends on tha
charging process and not the tank), Using all of these values one obtains

2
9t

€, m8

n

= 15,6 for the small tank
= 83 for the lar;e tank

S m, for these ceudtc!.ou s fraction n. /a4 v,
ff thn to{al injcetod pareicies is {nitially more intluenced by loc:r
- Atetig than by gravitational forces. - Ultimataly of course, with passaga
Tof yim#, Ryuation () reverti to aa cupﬁﬁ.ﬁtitl low one. agein, dut for
Y cu;'n Mg €< 1 oac ssssastrent. TR R h difltu\lt to
aka. ‘ i , :
e, lipolat Charstn;
In th&c section the prohlus Pre ax:enﬁa( £0 includc
chnr;ol ot both signs. The time historiss of tne ctarged paacicles are
S doscribed by tvo coupled, nonlinesr, simcltazacus diffdcencial’ sguations
%Eﬁ!’ T T for thn particles heving pius and minus charge & sdogle ntegrel (5.
“gﬁi{ obtaingd, and this ieads to s deacupling Of the equazions: the resulting
equatfons coneaining only s single dependsnt varisble are still nen-
. linear, and cannot be scolved ‘n terms of elsmentary functisns. Purther
effort is required to eithur solve thess equations numerically, find sp-
: ptoximaty methods of soiution, or solve simplor eguations which may be
: N used to place uppe. and lower bounds on settling rates., The following
v parspatears are addad to rhe prior notation list,

n, - number of dansity of neutral particles
n, - number of denaity cf positively charged particlas
n - number of density of negatively cherged particles

For further details of the problea belng treatoed, refer to the tceatmant
of monopolar chr.y. J§.




The equations for deposition for the three types of
particles are

dn°

Mlar " A %Y (0
dn+

MEge "M m (At A) e v A
dn_ {0 it Ve > Ve }

A.L=— = . - i (12)

1™ du Aln' (v‘ vf) if Vf < v8

For the case v. ~v_, the solution of Equation (12) is n = constant, and

the sulution f&r n,®reverts back to ona similar to that found for tle
case of settling ig the presence of particles of one sign,

In general, setting Al = 7 Rz, A2 = 2% RL, using
Stokes's law, .

6n a ?3 - my
| _ 6% a ve = qk
and Gauss law - |
CEWES CANTLE LR LY N

one obtafins

da
—f e - '
; de Ro 6na ' (10a)
b
én Pq  (n, ~mn )L~
— .. n. + -
L3t "y %ma “+l_ c_ 6ma _] (118)
L0 : gor v, < v
1.:’-rl -{ el "4 (n, - n) RL5 ‘ ‘} (12¢)
dat - L b7 J L L 7 'o (R+L) 67a J for vf > v.
.
Let tra L t
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and
no(O)

n (0)
.

n_(0)

2
ny LR

*ﬁ
Te, mg (RO

Then

)

b

SR

The equations are now in fully
conditions are X = xo, Y- Yo’

n
a
—

[ ]
3

= -X (10b)

e =Y - oY (¥-2) (11b)

1
} (12b)
1

non-dimensionalized form, and the initial
AR zo. T =0,

lv

{o B8 (Y-2)
-2 + BZ (Y-2) B (Y-Z)

N
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Multiply Equation (1lb) by B/Y, Equation (12b) by a/Z and add

g dY a dz
¥ at * Z ar "2 (13
Inlegraliug and aieas taugiug,
g
Y™ 27 = C exp {-27) (14)

Using the inicial conditions, ¢ = YB Zg. 80 that Equation (14) supplies
a relacionship between Y and 2. Uagng this relationship uncouples the
Y and Z equations.

Suy. sz vi/“ v P axp (-21/0) (13)

az s 0 B(Y-2) > 1

relih . }' (16)
U - s ey 2P P enp (caup) Bren g1

Rigorous soluticns to thase chui:fual‘htve not baen attemptud bocadsq f‘ ‘
of the extent of the effort ruquirad. Numerical methods must be resorted .
to and/or their proparties may be investigated by solutions of simpler,

approximate squaticrs,

F. PFlLAME PHOTOMBTRY STUDIRS .

The flame photor ¢tric method for the analysis of phosphorux was
of particular interest because Lf the simplicity of use, eaps of sampla
preparation, high sensitivity, and the posaibility of coupling the flame
photometer directly to the Technicon for automatic analysic of the test
solutions. A preliminary literatures search indicated that the f£lama
emission from phosphorus compounds should not be a function of molecular
structure (Ref. 7), A preliminary sxpsrimental progrem was cntrried out
to examine the fesasibility of the waxhed,

The spactra of flames coataining eight different urganophosphorus
compounds were investigated with a Hilger Watts quartz prism spectrograph
(Ref. 7). The band hogdn were the same as chose given by Pearse and
Gaydon (Ref., 8) for FO indicating that excited PO was formed by burning
all the organophosphorous compounds investigatad. One of the strongest
bands was in the ultraviolet at 335 nm. The spectra appeired to ba
structure dependent, but the qualitative nature of the experimeat precluded
a definitive conclusion at this point. Several experimente utilizing an
alcholol burner containing tributyl butyl phosphonate with a monochromator-
photomultipli er arrangement indicated that the ralacive intensity at 338
nm was proportional to tha concentration.
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Th.o WV approach for the anzlysis of phosphorus was discon
t - oo the basis or the work of Brody and Chaney which indicated that
tve i PO visihle emission (526 nm) ed to higher sensitivity (Ref. 9).

The simple wick type alcohol buruer was not useful fcr quanti-
vi Btucles at low concentrations so a commercial Jarrel Ash burner
was purchased, The Jarrel-Ash '"Hetco' burner is an extevrnal mix total
congumption burner designed on intraconal gas flow principle. ‘'the vec-
locity of the oxidizing gas (air) passing the capillary orifice produces
a vacuum in the capillary. The vacuum {s used to drav & sample up the
capillary aepirator and into the shesr stream of oxidizing mgent., The
detector consists of a multiplier phototube (81} respgnee) snd a. {inter-
ference filter with a peak transmission at 526 (110A bandwidth at half
meximum) . A potential of 950 volts was applied to the PM and the signal
wvas amplified wi'h a Hewlebt Packerd Modal 418 microvolt meter.,

Tl purpoac of thic investigation was to detennine the lower
limit of decection of phosphorus tu organophosphorous compounds. Methanol
and isopropancl were used as ~olvents because of their low background
emission at 5250R., When the fiow races of hydrogen and alr werec adjusted
to give tlie maximum signal in either eolvent, the celibration curves were
identical. The -lowar ltmit, of g 6 .o of phosphorus.’ (30 ppm solvent)

. (Figure 11) was, Jecrvased 5 0.5 pp. by bucking out-the sblvent emispion
" and increuq(&g ‘che ! anpitat on rate. of th aoIVen:., This s’ ‘considerably
better vhan the resulits .ch can e obtained uith emaseion spectroscopy
(50-100 ppm) and. omparablc to conventioﬂll fllma phocomacry rasultl of.

1 ppm of phArphoruu (inorgcniq\* :

The lower limit of de:cccion miaht be 1nc “alld furrhcr by
unin? @ concave dirror behind the {lame with its centef of curvature in
the flame and by placing a lens system between the filter and the PM
tuba to Lr~rease cht colli.ition efficiency.

' Thr‘;ﬁiilion spectrun pf Bis {n a hydrogen rich {lame was
‘;aken with & Perkin-Elmer Model 99G scanning spectrometer (0.5 zm slits).
The detuctor was an BMI 935€Q photamultiplie», The spactrum (Figure 12)

o I8 ‘ uncorrected £5r spectromater respcy 1e, shows that the band spectra of
X dis {8 nuc well retolved. This may Le attributed to the presence of the
. solvent and the “ 2ise protlem.

I - This viesble flame nhotomstr.c mathod for phosphorus does not

' appcar to be satfsfactory “Or totul phosphorus snalysis because the 526 nn
! emission {s a fun:tion of moleculsr structure. This was firet noticed

‘ after the UV gpoctra taken witn the Hilger Watts Spectrograph were care-
rully anely.ed. At siuilar phosph¢rus concentrations and approximately
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the same conditions, the darkening of the {ilm varied with different
nrganophos-horous compounds. Althnugh these data are only qualitatlive,
they indicate cthat the amount of PO produced is influenced by structure.
Brody and Chaney found a variation of emission at 526 nm for two preti-
cides of different structure, At 526 nm the 2mission is due to the
following preocesz (Raf, 10).

H+ PO 4 M —————— HPO* +M

HPO* =8 HPC + hv

Since the amount of PO formed variaa with structure, the emigsion in a
hydrogen rich flame at 526 nm would also vary. Thie method, although
very sersitive and convenient will not be accepted for thoe aszeasment
system because of the dependence on structure,

G. MASS DECAY INVERSION ANALYSIS

The arprcaches that have been ucad to deduce the initial
particle 1ize distiibucion {rom meusurcement of mass decay (gravitational
sretiling) in a stirred chambe:r can generally be grouped into two classes. .

The Liret class 48 an ompiriecsl approach und 1s charecterired
by the fuet that ¢y form of the particle size discribution ie assumed
fil Eriur and then lestod for goodnesas of fit to the observad mass decay .
numerical methods using o wultable mirimization criterion, Thim type cf.

golutlon provides o guancitative cetimate of the grosu pnrticle ntatiati¢s~

plua o quelitattve plevure-of the initial mass distribution which chat—
actorires the observed d(‘C-‘V measutements, :

ihe empirical approach lacke the prupurty_of urlqueness; f.0.,
geverel distritutdions may wive appraximately equal good fite to the
observed data,. Hence, the conclusion cannot be drawn from these roeultes
that the assuncd distribution which yieldas the burt fit is the general
solutien.  Expetierc¢c has ahown, nowevar, that aseumed mags distributions
which fic squally well, in general, will exhibit similar gross features
in the solution even though derived from diffuring mathematical forms,
Thus, the empirical approach provides a method for determining these
features and the cholce of the sosumed distribucion becomew a matter of
convenisnce,

A second approach to the analysis of maas dacay data does not
involve an assumption on the form of the initial particle distribution
but attempts ro derive i: directly by aolucion of the integrsl equation
deac¢ribing the mass decay process. The solution is developed nunmerically
by utilizing an appropriate quadrature formula to obtain a set of
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simultaneous linear equations which then may be solved by etandard matrix
inversicon techniques. The difficulty with this app.vachk is that the
matrix to be inverted is generclly near singulsr, and even small errors

in the dara will produce unraliable results, To overcome this difficulty,
two mcdifications to the basic approach have bean attempted; one is to
apply = smoothing uperator to reduce the effect of errors and the other

18 to develiop A ‘oniineAar soiution. Joth of these cechniquess wili pe
discussed irn groster detail in the following scctions.

1. gggi:igql Analysis

The loss of material as a function of time in a chamber
duo to gravitat:onal precipitation under conditions of continuous stir-
ring can be axpressed as

B o exp [ecal) £(a) 2 (17
s
where
M() = mass concentration at time -
M(0) «  maJs concentratiols at time T o O
d = particle diameter
v tsd)‘ = mass distridbution function v
axp [-C¢ rj = decay function for Stokes' settling
= a congtant

: end 4 and b define & range of expscted diamaters. It remains to spscify

the form of £(d) and to adjuet the parameters of the nllunnd distribution
to £it tha experimentsl data, ‘

Pravious studies have assumad that £(d) can be represented
by the log-normal diatribution. The work conductad on empirical mathods
durins the current reporting period consisted of testing sevaral other
digtrihution functions and comparing these with the solutions obcliucd

for the log-norualo

‘ One of the functions tasted is the Rayleigh (Ref. 19) ptobabiltty
distribution, This distribution is a special case of the bdivariate
normal distribution and is frequently employed in radio comunications
engineering. The distribution is unimadal and positavaly skewed; a
single parsmeter characterizes the curve, Ths principal advantage of
thiy funastion to the current appiication is that its form permits direct
.ntegration c¢f Equation (17)., The single paramater then can be estimated
from the obsevved data points.
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-7)+ The analytic form of thia modsl was not conveniant for the cur:au: .

A second model tested was based on the gamma probability
istribution function. This 1s & twc-parameter digtribution which is
unimodai and can assume both symmetric and skew forms depending on the
value of the parsmeters, The exponential function is a special case of
the gamma distribution, Using the gamma distribution in Equation (17)
does not permiC direct iNCEETALiOn, necessiioii.yg & tiiai eiw Sisvi

method for estimating the best fit paramster vilues.

4

Tests conducted with thase models as well as those with f . F Y

the log-normal distribution indicated that approximations to a solution
could be derived but that thess generally saticfied one segment of the
observed data better than ancther. This is a consequence of ths char-
acteristic of the test data which indicates a rapid deplation of large
particles from the aerosol cloud duting the initial period after dis-
gemination followad by & rcsidual decay of the smaller particles, Uni- -
modal models for the initial mass distribution including those discussed
above do not possess sufficient flexibility to satisfy both of thesa
features simultaneously. As a vesult, further research wirh empirical
methods was directed at developing bimodal mase distributions.

The use of bimodal dirtributions for studying coagulating
aercsols has besn reported earlier by Dalla Valle, Orr and Blocker (Ref. .

aprlication and a siuplor function was desirad. Yor this purpasw, & .-
three-parameter bimodal model was synthesised from the sum of two Raylei;h.“ BRI
dintribu:iono. This sum can be txprusocd a4

2d) = K% e (ne2/2d] 4 (10 % . t-a“mzl Camy o]

where <>, and w, are paramaters of the dttcrtbuticns, K and (1=X) are :ho
tractiofal mix“of each, Hance, thers dre thres parsmetars to be lnet!ud
namely ., w, and K. Subatitvcing in lquacion (17) for £(4) and integrating,
results In

K exp [-d% (fi ct + 1)/2513

M) . . —
H(0) 2! ¢t 41
(19)
. d '
(1-K) exp [-d2 (2@? Ct + 1)/2m§] 2
5;77C1 + 1
2 4

Assuming that d, is sufficiently large so that the value of this function
is negligibly u&;ll at the upper limit and that d1 is sufficiently small
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so that the exponential terms approach unity at the lowar limit, the
final result becomes

1) R + 3R (20)
Yy 207 €t + ) 207 CT + 1

This last assumpcion may require values of d, and/or d, which are somae-
vhat outsaide the Stokes' Law region, but the resultant“error will be
'7“*ﬁ§jliéciﬂ’féi'the"tlnsrbaing. :

, This model was tested on the same observed mass decay

dctn 9roviou¢1y used to test the unimodal models. Two algorithms were

used to estimate the model parametars in Equation (20). One of these

{s the claseical Newton-Raphson methad for the solution of nonlinear

squations (Ref, 12). Yor the current application, this technique was

constrained to seek values for the model parameters which minimized the

root-mean-square (rms) error between the observed data and the model values.

84imilarly, a more recent iterstion technique develuped by Marquardt (Ref.
. 13) was used, subject to the same minimization criterion. Both of these
““mathnds vere pragrcmaid for automatic caleulation by the I 1620 computer.
The aveiladility of both.achemes -provided an altarnative when stable
‘salutions were difficult to obtain, They algo provided a means for vali-
.~dating that the given solution :uprclcnc-d a global mms minimum and not
'jult a locnl ninimua : :

R el - The bimodal modol vas. unod. cnnn; n:h-r thinsn. to compuro
pa ,thn xacultu of a tast series uaing both Bis and VX fill with a No. 22
“plastic sphere as the disseminator, The results from these inversion
analyses for the mags disc:tbution in the initial aerosol cloud have bean
teported separately” and sre summarized in Table 6. The data presented
- .give the Aiscributinn paramaters for the model, thce mass recovery at 24
“minutes ptedicted by the model and the rms error of model fit tu the dats.
. The model parsmeter w, indicates the mode diameter of tha small size
weestopagticlas tn the initfel esvosel ¢loud while w, gives the mods for the
- Tdtge size componants. 1n severd} tests these“values are given as either
- an nrgi:rnrily amall valus (< 10°°) oxr as an arbitrarily large value
(>» 10 The latter casae is used to indicate that the solution was not
capable of discriminating from ths decay measurements a stirred settling
of the large size componant but rather this material is depleted from the
. cloud by other loss processes. In the former cass, the arbitrarily small
. eize diameter indicates that the model solution could not detect any sedi-
: mentation in the small size component over ths time duration of the test,
The implication is that a very fine aarosol exiats in the chamber as a
veslidual mass,

*Latter Report to Mr. Donald Buck, 21 April 1967, also included in this
repurt ware selected results from tests employing other fills and/ox
different dissemination devices.
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A comparison of the performance between these two fills
shows (1) that the small size component for VX is larger on the average
than that of Bis while (2) the 24-minute recovery for VX is emaller on
the average than that for Bis. Both of these effects have been noted in
earlier studies; the current model results simply add further evidence
to this effect. These results also show a significant improvement in the
fic to be observed data and it was concluded that the bimodal model seems
te provide s convanient and aimpla maans for anslysing mass decay dis-
tributiors which are not adequately described in unimodal distributions.

Both the 10. and IO solutions discussed above probably
~ avise as a consequance of deficiencies in the data. In the former case,
“the scatter in the measurements may well mask the slow sedimentation of
A relatively small gize serosol cloud, 1s fact 1is somewhat evident
fram the data in Table 6 which shows 10-° solutions generally associated
with larger rms errors, In the latter case, the 10-° golution reflects
the diffirculty of obtaining reliable measurements at very short times
after the explosive event. The sensitivity of the bimodal model to
these measurement prcolcma was 1nveat1gnted by two sets of error analysis
~comcull££ena. » - :

e Tho firt: V&8 an arxor nnaly:is of the inversion modsl to
"E'taua 1:: sensitivity to ths precision of che mass recovery maasuremants.
. The pracedure used & simpls progrescive truncaticn of & set of mass re-
S oevety values fyom 8 known particle size digsribution, The inversion

the derived distribution and the known distributiovn. The exact

- vaiue for the mode of small size fractions in this test wes 10 microns,
the mode for the lazga wise fractions war 130 microns and tha mix ba~
twaon the two-size diatridutions i{s in the proportion 35/63 pexcent,
These results are precented below in Table 7, A compariscn ef the

known values with thase in Tabla 7 shows a fair degree of stability even
for swo-digit accuracy. Also, the results show that the large sise
fzaction seemy to be more sensitive to errors in the data than the other
two parametsts.

) TABLE 7
< RRSULTS PROGM INVERSION ANALYSIS OF TRUNCATRD DATA.
W wg
o No. Mode o} Small Mode of Large Mixture of
- ificant Digit ige Fragtio Sige FPraction Small and Large
3 1 9.00 129,03 32/68
2 - 10,25 156,64 36/64
3 10,04 151,69 35/65
4 10.00 150,01 35/6%
7 10,00 150,00 35/65
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‘lpproximatlly 7. minules to plot the graph. Seversl medifications =o

‘i‘a! ’ yrior aseurption on the snalytical form of the mges distributien

Sensitivity of the solutions to early nass recovery
measurements was explored by analyzing approximately 1 half dozen tests
without the assumption of 100 percent recovery at time zero, but with
the alternate condition that the mass decay curve satisfy the firet
measured recoverv value. Generally, this first measured point is obtained
&t 1 minute after detonation. A comparicon of the results for these two
inicial conditions shows reasonsble correspondence between the solutiors
for the smail sire [raction but major diffciences in specificacion of the
large particle size distribution. Clearly, most of the large particlas
fall out or are removed from che cloud within the first minute, with
resulting loss of information on their size distributien.

3. Automatic Deta Plotting

Toward the latter part of the year, an additional computer
program was developed to systematize the presentation of the inversion
anelysis results. A sample of the preliminary formnt is shown in the
attached Figure 13, The graph shows the observed mass recovetry values
(crosses) and the computed model mass decay curve (dots), The entire
figure was generated by an off«line IBM 870 Document Writing System frox
program card instructions calculated by the computer. The system requires

NS B R

thi; iniciu} fcrma: hlvn ‘been lu;gnlttd And will bs addad.
"0 by t . )4 y & 5d ]
Tachniques for solution of Bqustion (17) without the eié = ey

come vnder the gensral categery of integral equations of the first kind, P
A brict biblicgraphy of some of tha techniques which have basn preasented .
in the open literature is given in the references. None of thess ars 3
entirely saciyfactory for anslysis of moes decay data and in one form or
anothes are plagued by mathematical problems. One of the most common of
these difficulties i3 the instability introducad into the solutions ans a , :
result of noisy data, Numericel experimentation with linear iaversion 4
nethods on known distributions has shown that socmething of the ordar of 3
eight-place accuracy is required in the measurements to rscover ths ini-
tial funcetion, This typa of accuracy is revrely available in the mesa-
urement of physical systems and certainiy not to be expected from mass
decay data.

|
Inversion techniques which deal with problems of instadbility E
have been proposed among others by Phillips (Ref. 13) and Twomey (Ref. 16).
The bansic approach is to express the intagral equation as gquadratuzes and {
apply smoothing constrainte to the inversion of the resulting linear system. I
In the case of Phillips, the smoothing comstraint is on minimizing the

errors in the second differences of the indicial function. Twomey ex-

pands on this general approach by showing how othar minimization criteris

can be introduced. The general solution is given by the matrix equation
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whiere
f = solution vector
A = a matrix of quadrature coefficients
*
A % the transpose of A

* = the smoothing parameter
H = a matrix determined by the minimization criterior selected
M = the observed measurements

p = a trial solution if one is available

If p = 0 and H 18 the matrix appropriate to the second difference minimi-
zation criterion, this solution is eguivalent to that given by Phillips
but possesses the advantages that (1) only one matrix inversion 1is
required and (2) the A matrix is not required to ba square. The latter
of these permits solution of an overdstermined system uhlre the number
of observations excaseds the number of unknowns.

The uétlity of this uuchod was teltad by means of & set

of synthetic mass dacay data. Thesa méss decay data were synthesized hy“’

assuming @ loge-normal distribution for £(d) (mass mean dismater = 7.5u°
geometric standard deviation = 2.5) and calculating the mass decay using
Equation (17). The inversion then was applied to these calculations in
an attempt to recovey the original log-normal digtribution, The rasults
of this experiment aras ghown in Figure 14 for varioue values of 7. Com-
parison of the inversion values to the true distribution shows that the
matrix solution corrasponding to 7 = 0.1 has vecovered the essential
features of the original distribution but exhibits consistently greatsr
orainate values. For 7y = 1.0 the matrix solution begins to losa tha
symmetric character ¢f the original distribution. 1t should be notad
thet selwction of an appropriste value of 7 (s on a trial and error basis
ond was facilicated in the current experimant by a priori knowledge of
£{d). I tne genural case, selection of a value Tor 7 bacomes a more
subjective process.
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5.  Noniincac Inversion Method

The question ot how to treat neisy data hag me b vecently
been treated {n a unique :pnroacl. by nonlinear metl 'ds developed at GCA
fn amsthor contowr ™ Fanatisn (17 can be axcressed as & Leplace “1ana-

form by making rhe substitutions

-

umcdt t, and i = t/t, {22)
in which case we cottain
M{.) 1df exp [-us] giu) du (23)
where
£i(d;
() et 2
BlU. ® 7Ca ¢, (24)

In the3e tranetormations, t 'Lu.u.icalo time cheracteristic for the

experiment which can be takln ae the time interval batwaen succasaive . 14ft;
weasurements. We now assuise the function g{u) to he composed of a finite -

sum of Dirac >-functions of height AP, at ths positions u,; namely,

J 3

‘ a- : s
M) - Z ‘_x.pjxj R )

[P,
-

where

XJ - axp-[-uJ] h

"The problem of deriving particle size distributions from cbservacions

of masr decay i¢ analogous in many respecta to thec wmeterrclogical problem
of inferring the vertical atmospheric temperatura structure from meas-
urements of the upwelling radlance intensity. The similarity ariges from
the fact that in each case the physical process can be dascribed by aun
integral ecquation with an exponential decay function as the kernel. The
meteorological problem has received considerable attention due to the planped
availability of vadiance measurements from satellite sensor systems.

King (Rof. 16) recently has discussed a nonlinear inversion technique
which addresses itselt to the two-fold problem of uniquenesa and stability
of the solution i{n the premence of nolsy data, Thes above nection de-

scribes the application of this nonlinear method to the mass decay problem,
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Too approximation corresponds physically to the as:omption that the
fnitia. clou! is composed of a2 series of monudisperse uerosols which
Aare mixed 1 wiven proportions. This system of nonlinear equativns
arises . the construction of Gaussian quadrature formulae and is dis-

cusded Lo text3 oo applied analysis (Ref. 17). The set can be solved
miquely for the n weights P, and "le n roots X, by meanr of cthe Prony
algorittun a5 desc-ibed, for example, by Chandrasékhar (Kct. 18).

Sinere anly peoaitive real roots in the 0 < X, < 1 permir
physical interpretation, wll other roots must be rejected Jnd attributed
to arising from noise ir. the data, In most applications of this tech-
nique, the weizht assigned to these roots is small and their exclusion
can be done with reasonable safety. The number of roots which are

retained {s a qualicative index of the accuracy of the observatione,

In a linited number of cases, this nonlinear technigue
was ao»d to analyze the test data. The limjtation un use of this method
arises from the requirement that the measurementa must be spaced at equal
time increments. Relatively few tests ratisfied thit criterion for suf-
ficlent segment of the experiment tu war.aut use of the technique.
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V. PROGRAM FUR NEXT QUARTER

The general composirion of the Jssessment systen 1s now [irm and
laboratory programs are to be l1imited to modest efforts to:

r4) Torshoy davolanment and evaluarion of the beta absorption-

A PSR aRa

impactor sampler.

‘b) Modifications oif the Royco 1igh: scaltering perticle countoy
for its use in the asseasmunt prograw.

(e¢) Further investiga-lons on problems of particle charging with
respact to the mass decay of contained aerosols.

the major effert is to be one of system congtruction and applicstion
in the folluwing arg¢as:

(a) Construction ol an automated saquential filcer sampling asystem
with pravisions ter variavle gampling programming.

(b) Development of a data format competible with computer evaluation
of tle wmass decay curve obtained from scquential fiiter samplcs. This
dctivity will Le almed at minimizing errors generated by human inter-

vention in the various ateps reqiired to prepare the raw experimentcal

data for its proceasing by the computer.
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